Removal of arsenic from water is significantly needed to supply safe drinking water worldwide. Here, a new and superior polymer of aminated poly(glycidyl methacrylate) (poly(GMA)-Am) adsorbents was fabricated and examined for effective removal of arsenic from water. The major result was that the arsenic adsorption of the poly(GMA)-Am adsorbents was greatly affected by the degree of amine of amination reagents. The poly(GMA)-Am-DETA fabricated by DETA reagent showed the highest arsenic adsorption efficiency, which was superior to two commercial anion exchange resins. A fast kinetic adsorption of arsenic by the poly(GMA)-Am-DETA was obtained within 1 h. The maximum adsorption capacity of the poly(GMA)-Am-DETA calculated by the Langmuir isotherm for As(V) and As(III) was found to be 78.7 and 13.5 mg/g, respectively. The Dubinin-Radushkevich model showed the arsenic adsorption on poly(GMA)-Am-DETA was governed by physical interaction, possibly due to its possessing a high density of ammonium functional groups covalent bonding to the polymer matrix. Regeneration of the poly(GMA)-Am-DETA exhibited no deterioration of the arsenic adsorption efficiency up to five cycles, where the desorption can be simply achieved with 0.1 M HCl solution.
water because of the simplicity of the process, easy separation, and regeneration process (Korngold et al. ) . In addition, functional polymers with porous structures have been considered as promising hosts for the development of hybrid materials with inorganic nanoparticles for the purpose of increasing adsorption selectivity (Bui et al. ) . Recently, there has been an interest in grafted polymers as effective adsorbents because of their selective surfaces with well-controlled characteristics and size distribution (Tatek et al. ; Sajid et al. ) .
Poly(glycidyl methacrylate)-based copolymers are ideal candidates for the development of base media that enable the inexpensive controllable production of spherical nanoparticle support media with different geometries, and permit the design of intraparticle properties via a number of versatile ring-opening reactions of pendant epoxy groups (Taleb et al. ) . Furthermore, the fabrication of these base support media could be optimized to maximize porosity while maintaining high mechanical strength and uniformity of the microscopic media. Namely, these copolymers modified with suitable amines could provide high adsorption capacity toward metal ions with high chemical and mechanical stability. by modifying poly(glycidyl methacrylate) with ethylene diamine for removal of some heavy cation metals (Cu, Co, Ni, and Pd) through a chelating process with high capacity. Similarly, the polyGMA modified with 5-aminotetrasole and its proton conductivity has been reported (Celik & Bozkurt ) . However, the potential of these copolymers for arsenic removal is still limited.
To the best of our knowledge, no systematic research on poly(glycidyl methacrylate), or poly(GMA)-Am, for arsenic removal has been reported in the literature. Therefore, the aim of this study is to develop the poly(GMA)-Am adsorbents for effective removal of arsenic from water. A variety of poly(GMA)-Am adsorbents using different amination reagents were prepared and tested for arsenic adsorption. A poly(GMA)-Am adsorbent showing the highest arsenic adsorption efficiency was then selected for evaluation of the arsenic adsorption performance and reusability. This study contributes to a novel and versatile ion exchanger with a high capacity of arsenic removal from water for further consideration of material application and development.
MATERIALS AND METHODS

Materials
Glycidyl methacrylate GMA (>98%, Junsei, Japan), N,N 
which are strong base and weak base anion-exchange resins, respectively, were used in comparative studies.
Preparation of poly(GMA)-Am adsorbent
The poly(GMA)-Am adsorbents in this study were fabricated as follows (Figure 1) . First, the poly(GMA) was synthesized 
Batch sorption experiments
Batch sorption experiments were carried out in 100 mL HDPE (high density polyethylene) bottles containing 100 mL working solution of known concentration of As(V) (or As(III)) and adsorbent and continuously shaken at 120 rpm and 25 C. After shaking for a predetermined time, the solution was filtered (0.45 μm filter) and analyzed for arsenic concentration. The effect of solution pH on As(III) (or As(V)) was conducted in the pH range from 3 to 11, using HCl or NaOH solution for adjusting. was fully discussed in our recent study (Tatek et al. ) .
Effect of amination degree on the arsenic adsorption
The high sorption capability of poly(GMA)-Am can be attributed to the high level of interaction of the aminated surface with the anions. 
Adsorption kinetics
Two types of adsorption kinetic forms were used to examine for time-dependent arsenic adsorption data of the poly-(GMA)-Am-DETA. The pseudo-first-order and pseudosecond-order equations are generally used as follows.
The Lagergren pseudo-first-order kinetic model is expressed as (Lagergren ):
where q e and q t are the adsorption capacities at equilibrium and at time t (mg/g), respectively, and k 1 is the rate constant of the pseudo-first-order adsorption (min À1 ).
The pseudo-second-order kinetic equation is given as (Ho & McKay ) :
where k 2 is the rate constant of the pseudo-second-order adsorption (g/mg min). 
where k d is the intraparticle diffusion rate constant and C is the intercept of the vertical axis (Hekmatzadeh et al. ;
Miao et al. ).
Figure 4(c) illustrates the intra-particle diffusion kinetics of As(V) to the poly(glycidyl methacrylate) adsorbent. As shown, the diffusion of As(V) species to the adsorbent was governed by two distinct linearity regions, showing two different kinetic mechanisms. The initial region has a much faster diffusion rate of arsenic corresponding to the external mass transfer, whereas the second state represents intra-particle diffusion as the rate controlling step. Indeed, the estimated diffusion rate for the external mass transfer (0.0696 mg/(g·min)) was more than ten times higher than that of the intra-particle diffusion (0.0054 mg/(g·min)). On the other hand, the intra-particle diffusion of As(III) is not clear, which could be due to the neutral charged form of As(III) (H 3 AsO 2 ). 
Adsorption isotherms
In order to conduct arsenic adsorption isotherm, the experimental data were examined with two typical isotherm models, Langmuir and Freundlich isotherms. The linear forms of the Langmuir (Langmuir ) and Freundlich (Freundlich ) isotherms are expressed as follows:
where C e is the equilibrium concentration (mg/L), q e is the equilibrium adsorption capacity (mg/g), q m is the Langmuir constant related to the maximum adsorption capacity (mg/g), and K L is the energy term (L/mg), which varied as a function of surface coverage strictly because of variations in the heat of adsorption. K f and n are the Freundlich constants related to the adsorption capacity of the adsorbent and the magnitude of the adsorption driving force, respectively. Table 2 . As shown, the plots were found to be linear with high regression coefficients (R 2 ¼ 0.981-0.994) for both Langmuir and Freundlich isotherms, confirming the applicability of these models. The much higher K F value of the As(V) adsorption than the As(III) adsorption reflects the much higher affinity of the poly(GMA)-Am toward As(V) species governed by the electrostatic interaction. The maximum adsorption capacity (q m ) of the poly(GMA)-Am for As(V) and As(III) was found to be 78.7 and 13.5 mg/g, respectively.
Although the Langmuir and Freundlich models demonstrate well the isotherms of the arsenic adsorption, they did not explore the specific interaction between the poly(GMA)-Am-DETA and arsenic species. In order to determine the type of adsorption, the adsorption data were further examined by the Dubinin-Radushkevich (D-R) isotherm (Singh 
where E is the mean free energy of adsorption, k is the constant related to the adsorption energy (mol 2 kJ À2 ), and ε is the Polanyi potential, which can be expressed as:
. R is the universal gas constant (kJ mol
and T is the temperature (K). and As(III). The calculated isotherm parameters along with the correlation coefficients are given in Table 2 . The values of E found in this study were 6.9 and 5.25 kJ mol
À1
for As(V) and As(III), respectively, indicating the adsorption of arsenic on poly(GMA)-Am-DETA is mostly governed by physical interaction (E < 8 kJ mol À1 ) (Mahramanlioglu et al. ) .
Effect of pH on arsenic adsorption
The pH of the solution may cause a strong influence on surface charges of the adsorbent, thus it could directly affect the uptake of arsenic species, particularly for the case of anion exchange poly(GMA)-Am-DETA. Figure 7 shows the effect of solution pH on the adsorption equilibrium of As(V) and As(III) on poly(GMA)-Am-DETA. As shown in Figure 7 , the As(V) efficiency was maximum and slightly stable in the pH range of 4-7, and the efficiency decreased from pH 4 to 3 and from pH 7 onwards. For As(V) adsorption, as pH increased, the decrease of protonation of the surface amine functional groups of the polymer could result in the reduction of As(V) adsorption. The lower adsorption at pH 3 can be explained by the low fraction of the anionic form of As(V) (pK a1 ¼ 2.3) to adsorb on the adsorbent. Since As(III)
exists under a neutral form at a pH of below 9 (pK a1 ¼ 9.2), the electrostatic interaction can be neglected. Therefore, much lower As(III) adsorption was observed, and its adsorption was more favorable at low pH conditions. The amount of adsorption dropped in the high pH region (pH >9)
because of the increase in negative-charge sites on the adsorbent surfaces. Under this condition, both As(III) and As(V) were in anion form (H 2 AsO 2 À and HAsO 4 2À , respectively), which showed low adsorption on the surface adsorbent because of columbic repulsion between the two negative charges of the adsorbent surface and arsenic species (Cheng et al. ) .
Regeneration efficiency
The regeneration tendency of an adsorbent surface is a basic property that is often considered in choosing the most con- for As(V) and As(III) were 78.7 and 13.5 mg/g, respectively.
The experimental sorption data were fitted to both Langmuir and Freundlich models and the D-R isotherm showed the interaction between the poly(GMA)-Am-DETA and arsenic species governed by physical interaction. Finally, the regeneration of the poly(GMA)-Am successfully maintained its arsenic adsorption efficiency up to five cycles of adsorption-desorption with a simple desorption using diluted acid (HCl) solution. These results suggest the high potential of the poly-(GMA)-Am-DETA for effective removal of arsenic from aqueous solutions.
